Abstract. The novel orally available inhibitor of the molecular chaperone heat shock protein 90 (Hsp90), BIIB021, induces the apoptosis of various types of tumor cell in vitro and in vivo. However, the effects and mechanisms of this agent on myelodysplastic syndrome (MDS) cell lines remain unknown. The aim of this study was to investigate the effects of BIIB021 on SKM-1 cells (a MDS cell line) and examine its mechanisms of action. The results showed that BIIB021 inhibited the growth of SKM-1 cells effectively in vitro. The treatment of SKM-1 cells with BIIB021 resulted in the inhibition of cell growth through G0/G1-phase cell cycle arrest and induced apoptosis by activating caspase-3, -8 and -9. Furthermore, this study also demonstrated that the mechanisms of apoptosis in SKM-1 cells were associated with the suppression of the phosphatidylinositide 3-kinase/Akt and nuclear factor-κB signaling pathways. Therefore, the findings indicate a novel approach for the treatment of high-risk MDS.
Introduction
Myelodysplastic syndrome (MDS) is a clinically and cytogenetically heterogeneous group of clonal diseases characterized by ineffective hematopoiesis-associated cytopenias, consequent bleeding, infections and a high risk of acute myeloid leukemia (AML) transformation (1, 2) . The International Prognostic Scoring System (IPSS) for MDS is based upon weighted data on the bone marrow blast percentage, cytopenia and cytogenetics and it separates patients into four prognostic groups: Low, intermediate-1, intermediate-2 and high. The median overall survival time of patients with high-risk MDS (commonly defined as the patients with an IPSS risk score >1.0) is approximately 14 months (3). These patients have low remission rates and short periods of disease-free survival despite chemotherapy (4) (5) (6) . MDS occurs more frequently in older individuals. Currently, there is no curative treatment for MDS, with the exception of allogenic stem cell transplantation which is unsuitable for the majority of elderly patients due to comorbid illness or poor performance status. Therefore, elderly patients generally receive low-dose chemotherapy, supportive care or investigational treatment (2, 7) . The general view is that complete or partial remission is a prerequisite for the prolonged survival of patients with high-risk MDS and it is achieved using chemotherapy regimens similar to those used for AML (8) . However, traditional chemotherapies for MDS have limited success rates, so it is necessary to explore novel therapeutic targets and agents that have higher selectivity for tumor cells and less toxicity toward normal tissues.
Heat shock protein 90 (Hsp90) is attractive molecular target as it acts as a chaperone that prevents the degradation of a number of important cellular oncoproteins, including receptor and nonreceptor kinases (9) . The overexpression of Hsp90 in acute leukemia cells has been confirmed by several studies (10, 11) . Furthermore, the expression levels of Hsp90 are higher in blastic MDS, which is associated with poor prognosis (12, 13) . Hsp90 inhibitory agents, including the ansamycin antibiotic geldanamycin, bind to the ATP-binding pocket of Hsp90, thereby disrupting Hsp90 function, and thus present as promising drugs for the treatment of cancer (14) . Phase I/II clinical trials of Hsp90 inhibitors have been conducted, including a Phase I trial of the Hsp90 inhibitor tanespimycin (17-AAG) in relapsed and refractory acute leukemia (15, 16) .
BIIB021 was the first 'fully synthetic' Hsp90 inhibitor to be used for the clinical treatment of solid tumors and hematological malignancies (17, 18) . BIIB021 induces the degradation of Hsp90 client proteins, including human epidermal growth factor receptor-2 (HER-2), Akt and RAF proto-oncogene serine/threonine-protein kinase (Raf-1), and results in tumor growth inhibition (18 Cell viability assay. To evaluate the effects of BIIB021 on the MDS cells, MTT assays were performed. The SKM-1 cells were cultured at a density of 5x10 4 cells/well in a 96-well plate and treated with BIIB021 at concentrations of 50, 100, 200 and 400 nM, respectively. Following 24 or 48 h incubation, MTT was added to each well and the plates were incubated for an additional 4 h at 37˚C. The supernatant was removed, followed by the addition of 200 µl dimethyl sulfoxide (Amresco, Solon, OH, USA). The absorbance at a wavelength of 570 nm was detected with an enzyme-linked immunosorbent assay plate reader (Bio-Rad, Hercules, CA, USA). Each assay was performed three times in triplicate.
Annexin V binding assay. The cells were cultured at a density of 5x10 4 cells/well in a six-well plate and treated for 24 h with BIIB021 at concentrations of 0, 100, 200 and 400 nM. After 24 h of treatment at 37˚C, the cells were collected and washed. Aliquots of the cells were resuspended in 500 µl binding buffer and stained with 5 µl Annexin V-fluorescein isothiocyanate (FITC) and 5 µl propidium iodide (PI; Biouniquer Technology Co., Ltd., Suzhou, China) for 15 min in the dark, and examined by flow cytometry. Data acquisition and analysis were performed on a FACSCalibur flow cytometer (Becton-Dickinson, Franklin Lakes, USA) using CellQuest software (Becton-Dickinson).
Cell cycle analysis. The cells were treated with BIIB021 at concentrations of 0, 100 and 200 nM and incubated for 24 h at 37˚C. The cells were harvested, washed twice with cold phosphate-buffered saline (PBS), and suspended and fixed in 75% ice-cold ethanol overnight at 4˚C. Subsequently, the sample was washed with PBS and incubated with 250 µg/ml RNase A and 10 µg/ml PI for 30 min. The cells were analyzed using a FACSCalibur flow cytometer.
Hoechst 33258 DNA staining. To detect the morphological changes following treatment with BIIB021 (0, 100, 200 and 400 nM), SKM-1 cells were plated at an initial density of 1x10 5 cells/well in a 24-well plate and treated with BIIB021 for 24 h. The treated cells were fixed with 3.7% paraformaldehyde for 30 min and then stained with Hoechst 33258 (0.5 µg/ml) for 20 min at room temperature. The cells were counted under an Axiovert fluorescence microscope (Carl Zeiss, Göttingen, Germany) with an excitation wavelength of 350 nm and an emission wavelength of 460 nm.
Western blot analysis. The cells were harvested 24 h after treatment at the indicated doses and times, and the cell lysates were subjected to western blotting, performed as described previously (20) . Briefly, the cells were collected and lysed using 10 mM Tris, 1 mM ethylenedi aminetetraacetic acid, 10 mM KCl and 0.3% Triton X-100 (pH 7.9). The concentration of the protein samples was measured by the Bradford method. The protein samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then electroblotted onto Hybond-P polyvinylidene fluoride membranes (Amersham, Piscataway, NJ, USA). The membranes were subjected to western blot analysis with primary antibodies to caspase-8, -9 and -3, poly(ADP-ribose) polymerase (PARP), p110δ, Akt, phospho-Akt, p65, phospho-p65, cyclin-dependent kinase (CDK)4, CDK6, cyclin D1 and β-actin (Sigma-Aldrich). The secondary antibodies used in this study were provided by Multisciences Co., Ltd. (Hangzhou, China).
Statistical analysis.
Experimental results are statistically presented as the mean ± standard deviation. Data were analyzed by one-way analysis of variance. P<0.05 was considered to indicate a statistically significant difference.
Results

Effects of BIIB021 on the viability of the human MDS cell
line. The SKM-1 cells were tested for sensitivity to BIIB021 in a cell proliferation assay. The 50% inhibitory concentration (IC 50 ) values were 275.2 nM for 24 h and 163.9 nM for 48 h. As shown in Fig. 1A , BIIB021 effectively inhibited SKM-1 cell growth in a concentration-and time-dependent manner. The Annexin V binding assay confirmed that BIIB021 induced SKM-1 cell apoptosis in a concentration-dependent manner (Fig. 1B) . Morphological observation by Hoechst 33258 DNA staining showed an increased number of cells with nuclear condensation and fragmentation following treatment with BIIB021 for 24 h (Fig. 1C) .
BIIB021 induces SKM-1 cell apoptosis via activation of the caspase family.
To detect the mechanisms of BIIB021-induced cell apoptosis in the MDS cells, western blotting was used to measure the levels of activation of the caspase family. BIIB021 triggered concentration-dependent cleavage of caspase-3, -8 and -9 and PARP (Fig. 1D) . Furthermore, the effect of caspase inhibitors on BIIB021-induced apoptosis was observed. The caspase-8 (20 µM) and caspase-9 (20 µM) inhibitors partially inhibited BIIB021-induced apoptosis (Fig. 2) . These results suggest that caspase-8 and -9 inhibitors are able to attenuate BIIB021-induced apoptosis, which indicates that BIIB021 BIIB021 inhibits the phosphatidylinositide 3-kinase (PI3K)/Akt and nuclear factor (NF)-κB signaling pathways. It has been demonstrated that the PI3K/Akt and NF-κB signaling pathways are activated in high-risk MDS patients and activation of the signaling pathways is responsible for the suppression of apoptosis of MDS cells, contributing to AML transformation (21) (22) (23) (24) . Furthermore, lasting activation of NF-κB results in drug resistance (25) . Therefore, the present study tested whether the mechanisms of BIIB021-induced cell apoptosis are involved in the PI3K/AKT and NF-κB signaling pathways. Fig. 3A shows that the protein expression levels of the PI3K isoforms p110δ, p65 and Akt were only slightly reduced in the SKM-1 cells treated with BIIB021, whereas BIIB021 markedly reduced the levels of phospho-Akt and phospho-p65 in a concentration-dependent manner. Subsequently, whether the downregulation of the levels of these proteins was reversed by IGF-1 was examined. As shown in Fig. 3B , pretreatment of the SKM-1 cells with 100 ng/ml IGF-1 did not attenuate the BIIB021-mediated suppression of the protein expression, despite the fact that IGF-1 alone upregulated the expression levels of p110, p65 and Akt and of phospho-Akt and phospho-p65.
Inhibition of SKM-1 cell proliferation is due to G0/G1 arrest via the regulation of cell cycle-related proteins.
A previous study showed that a Hsp90 inhibitor induced cell cycle arrest at G2/M (26) . On the basis of this, the effects of BIIB021 treatment on the cell cycle were examined by DNA flow cytometry in the present study. The results showed that, compared with that of the untreated cells, the number of cells in the G1 phase was markedly increased in the BIIB021-treated group Figure 3 . BIIB021 reduces the expression levels of the PI3K/Akt and NF-κB pathway proteins, and IGF-1 does not attenuate BIIB021-mediated inhibition of these proteins. (A) The SKM-1 cells were treated with different concentrations (100, 200 and 400 nM) of BIIB021 for 24 h, and the total proteins were extracted and subjected to western blot analysis using primary antibodies for p110δ, Akt, phospho-Akt, p65 and phospho-p65. Actin was used as a protein loading control. (B) The SKM-1 cells were treated with or without BIIB02 (400 nM), IGF-1 (100 ng/ml), or BIIB021 combined with IGF-1. Whole cell lysates were then subjected to SDS-PAGE followed by immunoblotting with the antibody that recognizes the corresponding antigens. PI3K, phosphatidylinositide 3-kinase; NF-κB, nuclear factor-κB; IGF-1, insulin-like growth factor-1; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The cells were treated with BIIB021 at the indicated concentrations for 24 h, whole cell extracts were prepared and western blot analysis was performed using specific antibodies. CDK, cyclin-dependent kinase; PI, propidium iodide.
A B A B
(34.9 versus 40.5 and 42.9% at 100 and 200 nM, respectively). In addition, treatment with BIIB021 resulted in a reduction in the percentage of cells in the S phase (Fig. 4A) . These data suggest that BIIB021 inhibits S phase entry. It has been reported that the active complex of CDK4/cyclin D1 allows the release of E2F transcription factors that activate G1/S phase gene expression. In the present study, the results indicated that BIIB021 markedly reduced the levels of CDK4 and CDK6 in the MDS cells, but the inhibitory effect on cyclin D1 was modest (Fig. 4B ).
Discussion
Overexpression of Hsp90 has been observed in a variety of types of cancer (27) . Previous studies have indicated the possible role of Hsp90 in MDS pathogenesis and evolution (12, 28) . For example, it has been reported that Hsp90 is overexpressed in high-risk MDS, as compared with the levels in low-risk MDS and normal bone marrow, and is associated with a poor prognosis for patients (12) . Certain Hsp90 inhibitors, including 17-AAG, are used as targeted therapies for cancer as they showed anticancer activity in early clinical trials (17, 29, 30) . BIIB021 has an improved pharmacological profile compared with that of 17-AAG and other Hsp90 inhibitors, particularly with regard to availability through chemical synthesis, metabolic stability, water solubility and ease of administration via oral and intravenous routes (18, 31) .
The present study of BIIB021 shows that the MDS cell line SKM-1 was blocked in the G1 phase of the cell cycle and underwent apoptosis when treated with BIIB021. The IC 50 values of BIIB021 required to inhibit the growth of the SKM-1 cells were 355.69 and 168.6 nM at 24 h and 48 h, respectively, which is consistent with a previous study indicating that the IC 50 values of BIIB021 in various types of solid tumor are in the range of 60 to 310 nM (32) . The activation of caspase-8 and -9, followed by the downstream activation of caspase-3 and PARP was observed in the BIIB021-treated MDS cells in the present study. Furthermore, caspase-8 and -9 inhibitors partially attenuated the BIIB021-induced apoptosis. These results suggest that two main pathways of procaspase activation (extrinsic death receptor pathway and intrinsic mitochondrial pathway) are involved in the BIIB021-induced apoptosis of MDS cells. The PI3K/Akt signaling cascade represents one of the major survival pathways that is deregulated in numerous types of cancer and contributes to tumor pathogenesis and therapy resistance. Constitutive activation of the PI3K/Akt signaling pathway and NF-κB is a feature of patients with high-risk MDS (21, 33, 34) . In the present study, it was identified that BIIB021 slightly downregulated the expression levels of p110δ and Akt. Notably, the drug markedly inhibited the phosphorylation of Akt. Marked downregulation of the levels of p65 and phospho-p65 expression were also observed, suggesting that BIIB021 inhibited the activation of NF-κB, which is a downstream regulator of the PI3K/Akt signaling pathway. As constitutive IGF-1/IGF-1 receptor (IGF-1R) signaling contributes to deregulated PI3K activity and overexpression of IGF-1R was observed in malignant clonal cells in bone marrow of MDS in previous studies (35, 36) , the effects of exogenous IGF-1 stimulation on BIIB021-mediated inhibition of the PI3K/Akt signaling pathways were tested in the present study. It was observed that IGF-1 at 100 ng/ml increased the expression levels of p110δ, phospho-Akt and phospho-p65, suggesting that IGF-1 activates the PI3K/Akt signaling pathways in MDS cells. This result is consistent with the evidence that IGF-1 is a strong PI3K activator (37) . However, exogenous IGF-1 stimulation did not abrogate the capacity of BIIB021 to inhibit Akt and NF-κB. Collectively, inhibition of PI3K/Akt and NF-κB contributes to BIIB021-induced apoptosis, implying that BIIB021 may be useful for overcoming drug resistance.
Deregulation of the cell cycle pathway is a contributor to the pathogenesis of MDS (38, 39) . For example, cyclin D1 levels are increased in high-risk MDS, thereby increasing the proliferation of leukemia (40, 41) . BIIB021 has a high binding affinity for Hsp90 and consequently inhibits the chaperone activity of Hsp90 and results in degradation of the client proteins (18, 41) . In the present study, in addition to the effect of G1 cell cycle arrest, BIIB021 was demonstrated to inhibit the expression of CDK4, CDK6 and cyclin D1, which are also Hsp90 client proteins, in MDS cells. This effect of BIIB021 on the cell cycle pathway is similar to that observed in other types of cancer (18) .
In summary, the present study demonstrates for the first time, to the best of our knowledge, that BIIB021 has marked activity against MDS cells. Furthermore, BIIB021 causes the degradation of several client proteins, including Akt, CDK4 and CDK6 in MDS cells. Also, NF-κB activity was inhibited in the SKM-1 cells upon treatment with BIIB021 at low nanomolar concentrations. Therefore, BIIB021 is potentially useful for clinical therapy in the treatment of high-risk MDS.
